17 Background and Aims 18 Bananas (Musa spp.) are a major staple food for hundreds of millions of people in developing 19 countries. The cultivated varieties are seedless and parthenocarpic clones of which the ancestral 20 origin remains to be clarified. The most important cultivars are triploids with an AAA, AAB, or 21 ABB genome constitution, with A and B genomes provided by M. acuminata and M. balbisiana, 22
challenges of banana breeding.
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Introduction
Results
142
Molecular karyotyping 143 A set of 9 AB and 36 ABB genotypes were used to identify SNPs markers from datasets. The number of SNPs ranged between 10,000 and 26,000 per chromosome for each 145 genotype (182,000 SNPs by genotype in average) (Supplementary Material 1) . Similarly as 146 Baurens et al. (2019) , SNPs were assigned to the A and B subgenomes and used to scan 147 chromosomes for the detection of deviating regions, i.e. portions of chromosomes where the 148 subgenome ratios differ from the expected based on the assumed genomic composition (i.e. 149 A1:B1 and A1:B2 for the hybrids AB and the allotriploid ABB, respectively) also referred as 150 homologous exchanges (HEs).
151
AB hybrids 152
A panel of 9 banana accessions reported as AB hybrids was analyzed ( Table 1) . Only one third 153 (3) had the expected subgenome composition (i.e. A1:B1), while the others (6) showed one or 154 two deviating regions with A2:B0 ratio (i.e. missing B-specific SNPs). By comparing all HE 155 together, we delineated four patterns denoted as 2x-1, 2x-2, 2x-3 and 2x-4. The cultivar 'Safet 156 Velchi' had a A2:B0 ratio in the first arm terminal region of chr06 (Figure 1 , pattern 2x-1); 157 cultivars 'Kunnan' and 'Agniswar' showed A2:B0 ratio in the terminal region of second arm of 158 chr08 and in a first arm interstitial region of chr09 (Figure 1, pattern 2x -2). 'Padali Moongil' and 159 'Poovilla Chundan' showed A2:B0 ratio in the first arm terminal region of chr04 and in a first 160 arm interstitial region of chr09 (Figure 1 , pattern 2x-3); 'Adukka Kunnan' had an interstitial 161 A2:B0 region in chr09 first arm (Figure 1 , pattern 2x-4). Among those samples, the cytotypes of 162 'Safet Velchi' and 'Kunnan' were previously characterized with chloroplast and mitochondrion 163 originating from M. acuminata (Carreel et al. 2002; Boonruangrod et al. 2008) .
164
ABB allotriploid 165
In 34 out of the 36 ABB genotypes, HEs with subgenome ratio corresponding to A0:B3 (region 166 with only B assigned SNPs) or A2:B1 (region with 2/3 A -1/3 B assigned SNPs) were detected. 167 None with A3:B0 ratio were found. Nine patterns corresponding to specific combinations were 168 identified, enabling the classification of each genotype ( Table 1) . Three patterns sharing regions 169 with the same ratio deviation and size were numbered 1a, 1b and 1c. In those, large terminal 170 regions of the second arm of chr04 and chr11 have an A0:B3 ratio and the first arm of chr09 171 8 shows an A2:B1 interstitial region (Figure 2) . Patterns 1a and 1c have in common the A0:B3 172 terminal region of the chr11 first arm (Figure 2) but Pattern 1a differs with a specific interstitial 173 region A2:B1 in chr04 first arm. Pattern 1c has three specific regions A0:B3 in chr02 second 174 arm, chr04 first arm and in chr09 first arm. The interstitial region in chr09 where the A genome 175 replaced the B counterpart has very a similar or identical size as the one shared by the 2x-2, 2x-3 176 and 2x-4 patterns in AB hybrids (Figure 3) . These patterns contain mostly genotypes belonging 177 to the Bluggoe, Monthan, Saba, Peyan and Ney Mannan subgroups that originated from India.
178
The remaining patterns do not share identical HE and were named from 2 to 7. The pattern 2 and 179 3 gathers genotypes classified as Pisang Awak (Figure 4) , with the exception of 2 assigned to 180 the pattern 1a which are known to be erroneously allocated to this subgroup (Christelová et al. respectively. The pattern 6 is not assigned to any known subgroup but the 3 genotypes 186 composing it share all the same origin from Papua New Guinea (Figure 4 , Table 1 ). The pattern 187 7 is represented by only one genotype, 'Chuoi mit', coming from Vietnam (Figure 4) . Finally, 188 two genotypes ('Kepok Kuning' and 'Kepok Tanjung', originally classified as belonging to 189 subgroup Saba) both originating from Indonesia, do not show any region with deviating 190 subgenome ratio and were not associated with any pattern. -specific aneuploidies 192 For 5 genotypes, in addition of the described HEs based on ratios involving three chromosomes 193 (Figure 5a) , portions or entire chromosomes displayed ratios with two or four copies. For the and A1:B3 ratios were inferred. In 'Simili Radjah', a large part of its second arm of the chr05 is 202 missing. Most of the region exhibits a diploid pattern A1:B1 except in its terminal region where 203 it appears A0:B2 (Figure 5d ). The genotype 'INIVIT PB-2003' (pattern 1c) showed a unique 204 interstitial region, in the chr10 second arm, where the SNPs assigned to A and B have similar 205 contributions. Since SNP coverage in this region is higher than in the rest of chr10, an A2:B2 206 homeoallele ratio was inferred (Figure 5e ). Finally, the accession 'Pisang Awak' (ITC0339, 207 pattern 2) had an A1:B1 homeoallele ratio in the terminal part of the chr07 first arm (Figure 5f) . 208 Since these aneuploidies were specific to single genotypes (not shared with other genotypes with 209 the same HE pattern), we considered that mutation events occurred after the original 210 triploidization events. solely on this source of information. The combination of morpho-taxonomic descriptors and SSR 218 markers confirmed this difficulty to discriminate the Indian subgroups (Saraswathi et al. 2011), 219 and the use of DArT or SSR markers on a wider sample showed that the classification was 220 consistent for accessions belonging to the subgroup Pelipita, Klue Teparod and Pisang Awak 221 (Sardos et al. 2016; Christelová et al. 2017) . However, accessions classified belonging to the 222 subgroups Saba, Monthan, Bluggoe, Ney Mannan or Peyan were often misclassified (Sardos et 223 al. 2016 ).
191
Genotype
224
In this study, genome-wide molecular data (RAD-Seq derived SNPs) were used to characterize 225 the genome of diploid and triploid banana hybrid cultivars with emphasis on the ABB group.
226
Overall, all the allotriploid accessions were confirmed having an ABB genome constitution, i.e.
227
the ratio between variants assigned to B and A subgenomes was A1:B2. We further explored the 228 presence of homoeologous exchanges (HEs) in a comprehensive set of ABB cultivars as initiated 229 in previous studies (Baurens et al. 2019; Cenci et al. 2019) and confirmed that such a 230 phenomenon has been very common in the creation of those domesticated bananas. Among the 231 10 36 genotypes surveyed, 34 had at least two chromosome portions for which the observed ratio 232 was either A2:B1 or A0:B3 (Table 2; Figure 6 ). 233 In total, 53 HEs were inferred in the 9 ABB and 4 AB patterns (shared HEs were counted only 234 once) ( Table 2) . They were found in all eleven Musa chromosomes but are unevenly distributed, 235 with 11 and 13 independent recombination events in the most recombined chr04 and chr09, The dominance of accessions from India in patterns 1a and 1b is obvious. Equally, diploid 249 hybrids (AB) from India appear to share HEs with patterns 1. We can therefore locate the early 250 origin of the recombination events typical to patterns 1 in India. All cultivars of subgroup 251 Bluggoe ( Table 1) (Figure 4) . This observation provides new insights to a long-time debate that 280 exists on the classification of the Klue Teparod subgroup. The 'Balonkawe' accession originally 281 collected in the Philippines by Allen in 1959, was first classified as a tetraploid ABBB due to its 282 robust appearance (Rosales et al. 1999) . However, flow cytometry coupled with chromosomes 283 counting assessed that the 'Klue Tiparot' accession from the same subgroup was in fact a triploid 284 (Jenny et al. 1997) . Later, the use of several types of molecular markers led to a different The four cultivars classified as Saba in our sample showed two different patterns: two Indonesian 296 cultivars show a strict A1:B2 ratio whereas the other two of unknown origins show the 1c 297 pattern. Although a bunch of cooking cultivars from the Philippines, including 'Saba' (not in our 298 samples), were reported to be BBB (Valmayor et al. 1991; Sales et al. 2010) , no such pattern 299 was identified in the present study. However, it is confirmed that the same vernacular name is 300 used for genotypes with different ancestral origins. The pattern 1c shares some HEs with Indian 301 patterns 1a and 1b, suggesting that also these cultivars derived from an ancestor originating in 302 the Indian subcontinent.
303
Undescribed subgroup 304
The genotype 'Chuoi mit' (ITC1682) (misclassified as AB but determined to be triploid by 305 Christelová et al. (2017)) exhibits its own specific HE pattern (pattern 7) (Figure 4) . 306 Morphological and genomic studies of additional genotypes would be required to support the 307 creation of a new subgroup.
308
West Oceania ABB 309 In this study, ABB accessions from Papua New Guinea (PNG) revealed a specific pattern 310 (pattern 6). Given the absence in this analysis of genotypes belonging to the Kalapua subgroup, 311 originating from PNG, we could not investigate its HE pattern. Therefore, it should be 312 investigated whether Kalapua accessions share the same HE pattern 6 (Figure 4) or if an 313 additional pattern from PNG exists. This would be a rationale to distinguish East ABB and West 314 Oceania, usually combined, that however originated from different continents separated by the 315 Wallace line.
316
Genesis of HE patterns 317
The discovery of nine founding events opens the discussion on the possible routes that led to the 318 creation of those different subgroups and formulate new hypotheses. To obtain a triploid genome 319 constitution (2n=3x), a diploid gamete (n=2x) needs to meet a haploid gamete of the opposite sex 320 13 (n=x). Usually, 2x gametes can be produced by tetraploid genotypes (2n=4x) or by a diploid 321 genotype (2n=2x) through a meiosis failing one of the division (i.e. First or Second Division 322 Restitution, FDR or SDR, respectively) and ending with a doubled chromosome set. Hybrids 323 from different species are prone to set unreduced gametes, issued from FDR (Ramsey and 324 Schemske 1998).
325
In banana, it has also been reported that allotriploid can produce viable reduced gametes 326 (Shepherd 1999) . To obtain an ABB constitution two gametic combinations (GCs) are For the 2 genotypes from Indonesia without detected HEs, both GCs are possible and cannot be 341 discriminated by our method due to the possible presence of invisible balanced HEs (see Figure   342 7). Such case of balanced HE was probably revealed in the second arm of chr05 thanks to the 343 aneuploidy in 'Simili Radjah' genotype (Figure 5d) as none of the accessions with the same HE 344 pattern (1b) showed deviating ratio for this chromosome (Supplementary Material 2) . 345 
Routes involving primary AB hybrids 346
Based on our observations of unbalanced regions between A and B genomes in allotriploids, we 347 suggest that the diploid gamete contributing to the allotriploid with patterns 2, 3, 6 and 7 348 originated from a nucleus restitution during a diploid hybrid (AB) meiosis, which generated 349 observed chromosome recombinations (Figure 7) . De Langhe et al. 2010 hypothesized that this 350 route would be restricted only to India due to the exclusive occurrence of AB in this country.
351
However, since then, AB hybrids were also collected in Indonesia (Hermanto et al. 2014a; 352 Hermanto et al. 2014b) making possible routes involving AB hybrids also for ABB genotypes 353 with origin from South East Asia and New Guinea.
354
Routes leading to shared HEs 355
The observed HE patterns sharing some unbalanced regions (Figure 2) in HE patterns 1a, 1b and 356 1c cannot be explained with a simple AB x B gamete combination. In fact, identical or very 357 similar deviating patterns (three unbalanced regions corresponding to these three recombination 358 events) are unlikely to be obtained three times by fully independent meiosis. It must have been 359 transmitted independently through common ancestry. In other words, the occurrence of partially 360 shared patterns suggests repeated inheritance of the same HEs. Indeed, the reported differences 361 in chloroplast origin (Carreel et al. 2002; Boonruangrod et al. 2008 ) support independent 362 crossing pathways for patterns 1a, 1b and 1c ( Table 1) . 363 To explain this observation, we hypothesize that the shared HEs were already present in AB (Subbaraya et al. 2006) . Since in Musa, chloroplast and mitochondrion 376 are inherited from the female and male gametes, respectively (Fauré et al. 1993) , and both hybrid 377 AB cytotypes have an A origin for both chloroplast and mitochondrion, the probable crossing 378 scheme leading to the creation of these hybrids must have involved M. acuminata or AA gametes 379 at least twice (Figure 8) . However, it implies the incomplete sterility of AB hybrids that is able 380 15 to produce not only unreduced gametes (n=2x=22) but also viable reduced gametes (n=x=11) 381 where A and B chromosome recombine as in an intraspecific context and segregate.
382
Interestingly in these genotypes, an interstitial region in chr09 first arm exhibits very similar HEs 383 in allotriploids and diploids which again pleads for common ancestry (Figure 3) . As already 384 observed by Baurens et al. (2019) , the subtelomeric region of chr09 first arm appears to be often 385 enriched in the A genome (only Patterns 2, 3 and 2x-1 are not). In our sample, in addition to the 386 above-mentioned diploid and triploid HE patterns, four patterns have independent HE where the 387 A genome replaced the B counterpart in the subtelomeric region of chr09 first arm (Figure 3) .
388
Routes leading to a B excess ratio 389
The patterns 4 and 5 are both characterized by a higher presence of the B genome, with three and 390 six B centromeres having replaced the A counterpart, respectively. The absence of A 391 centromeres (Figure 4) is not consistent with a meiosis of an AB hybrid where FDR gametes 392 were produced by a failed first meiotic division. On the other hand, 2x gametes produced by the 393 failing of equational division (SDR) are not expected to have an excess of the B genome or to 394 miss centromeres with an A2:B1 constitution as observed in pattern 4 and 5.
395
The larger contribution of M. balbisiana to these cultivars is consistent with an unreduced n=2x 396 gamete originating from a backcrossed diploid hybrid (originated by a n=x gamete from AB 397 hybrid that met a n=x M. balbisiana gamete) crossed with a regular B gamete (Figure 9 ). An Alternatively, it can be hypothesized that a B-enriched n=2x gamete could be produced by an 403 ABB allotriploid. In this case, according to random centromere segregation, one third of the 404 centromeres are expected to be homozygous for B and two thirds are expected to be A/B 405 heterozygous (Figure 9) . It would be formulated as ABB x BB -> A b BB.
406
Pattern 4, with 3 on 11 centromeres having A0:B3 ratio, fits with the second hypothesis, whereas 407 pattern 5, with 6 on 11 centromeres A0:B3, is more in agreement with first one. However, due to 408 the low number of Musa chromosomes (11), those hypotheses cannot be excluded for both 409 patterns. Somehow, independent origin of patterns 4 and 5 is supported by the completely 410 16 different HEs and by the different crossing history that is inferred from the organelle origin. 
